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The  crack  growth  ductility  of  notched  parts  depends  highly  on  the  mode  oJ 
loading  as  well  a=  on  the  geometry.  Specimens  of  symmetrical  geometry  are 
commonly  tested  to  predict  the  plastic  behavior  of  the  material  under  specific 
loading  conditions,  but  vessels  and  other  structural  components  often  have 
weldswhich  introduce  asymmetric  geometry  and  inhomogeneous  properties.  In 
single  edge  groove,  fully-plastic  tensile  specimens  with  asymmetries  that 
give  a  single  shear  band,  a  crack  can  propagate  with  1/3  the  ductility  of  , 
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symmetrical  shear  bands.  Since  bending  involves  more  triaxiality,  the  ductilit) 
in  asymmetrically  grooved  cantilever  bending  is  likely  to  be  further  reduced, 
which  may  lead  to  an  unsafe  structure.  The  triaxiality,  slipline  geometry,  and 
upper  bounds  to  the  limit  load  are  described  in  detail.  Medium  strength,  low- 
[hardening  steels  (HY-80  and  HY-100)  were  tested  under  configurations  that 
showed  more  triaxiality  under  one  single  active  slipline  field  than  single  edge 
notch  tension  specimens.  _ 

Two  ductility  measuf^  Wer^  considered:  first,  a  structural  crack  groi\T:h 
ductility  defined  as  the  displacement  at  the  point  where  the  load  is  applied, 
per  unit  of  load  drop;  and  second,  the  local  crack  growth  ductility,  defined 
as  the  local  slip  per  unit  of  crack  gro\irth.  The  asymmetrical  structural  crack 
growth  ductility,  as  well  as  the  local  crack  growth  ductility  were  as  low  as 
1/4  of  their  respective  symmetrical  crack  growth  ductilities  in  HY-80,  and  in 
HY-100,  asymmetrical  structural  crack  growth  ductility  was  1/2  the  symmetrical 
one  and  asymmetrical  local  crack  growth  ductility  was  1/3  the  symmetrical  one. 

In  addition,  when  the  local  crack  growth  ductility  in  bending  specimens  is 
conpared  to  that  for  single  edge  grood  tensile  specimens,  symmetrical  bending 
gives  3/4  the  ductility  of  symmetrical  tension  specimens,  and  asiymmetrical 
bending  gives  1/2  the  ductility  of  asymmetrical  tension  specims. 

Thus,  asymmetric  bending  configurations  give  lower  ductilities  than 
symmetric  configurations  or  single  edge  grooved  tension  specimens.  This  should 
be  taken  into  account  in  considering  the  safety  of  possibly  crack  structural 
components  and  pressure  vessels. 


Ful  I  v-Plastic  Crack  Growth  in  fisvriiaigtr  ic  Plane  Strain  Bendirr-; 
by  Frank  A.  iicCl intock  arid  F.J.  Uu 


Abstract 


Crack  growth  ductility  on  notched  speciriens  depends  highly  on  the 
node  of  leading  as  well  as  cn  the  geometry.  Specimens  of  symmetrica: 
geometry  are  conc^only  tested  tc  p. edict  the  plastic  behavior  cf  the 
niaterial  under  specific  loading  conditions  but  vessels  and  oti-or 
structural  cemponents  often  have  welds  which  introduce  asymmetric 
geometry  and  inhomogeneous  properties.  In  single  edge  groove, 
fully-plastic  tensi I e  specimens  with  asymmetries  that  give  a  single  shear 
band,  a  crack  can  propagate  witn  1/3  the  ductility  of  symmetrical  shear 
bands  (Kardomateas  193c).  Since  bending  involves  mere  tr iaxial itv ,  the 
ductility  in  asymmetrically  grooved  cantilever  is  likely  to  be  further- 
reduced,  and  therefore  lead  to  unsafe  structures.  The  triaxiality, 
slipline  geometry,  and  upper  bounds  to  the  limit  load  are  described  in 
detail.  Medium  strength,  lew-hardening  steels  (HY-80  and  HY-100)  were 
tested  under  configur aliens  that  showed  more  tr iaiiiai ity  under  one  single 
active  sliplins  field  than  single  edge  notch  tension  specimens. 

Two  ductility  measures  were  considered:  first,  a  structural  crack 
growth  ductility  defined  as  the  displacement  at  the  point  where  the  load 
is  applied  per  unit  of  load  drop;  and  second,  the  local  crack  growth 
ductility  defined  as  the  amount  of  local  slip  per  unit  of  crack  growth. 

The  asymmetrical  structural  crack  growth  ductility  as  well  as  the  local 

crack  growth  ductility  were  as  low  as  1/4  of  their  respective  symmetrical 

/ 

crack  growth  ductilities  in  HY-30;  and  in  HY-100,  asymmetrical  structural 
crack  growth  ductility  was  1/2  the  symmetrical  ones  and  asymmetrical 
local  crack  growth  ductility  was  1/3  the  symmetrical  ones. 

In  addition,  when  the  local  crack  growth  ductility  in  bending 
specimens  is  compared  to  single  edge  groove  tensile  specimens, 
symmetrical  bending  give  3/4  the  ductility  of  symmetrical  tension 
specimens,  and  asymmetrical  bending  give  1/2  the  ductility  of 
asynimetr ical  tension  specimens. 

Thus,  asymmetric  bending  configurations  give  lower  ductilities  thari 
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r.ys;r;i“tric  conf iqur-itions  or  sinqle  edge  grooved  tension  specimens.  Inis 
should  be  taken  into  account  in  considering  the  safety  of  possiblv 
cracked  structural  coMponents  and  pressure  vessels. 


Introductio-: 


If  a  structure  cracks,  it  is  desirable  that  any  crack  growth  b*' 
C'-lly  plastic  tc  provide  large  deflections  both  for  stability  hv 
Ic ad-shedding  to  other  part?  cf  the  structure,  and  simplicity  of  crsct. 
detection  before  failure  of  the  entire  structure.  This  oesired  cracK 
growth  ductility  is  reduced  by  asymnietr ic  georrietry  that  focuses  the 
cef creation  intc  a  single  shear  band,  along  which  the  crack  advances  int 
pr e-daniaged  material,  rather  than  between  a  pair  of  sliplines  into  new 
material.  Such  asymmetric  geometr les  occur  near  welds  and  fillets  in 
pressure  vessels  and  other  structures.  Kardomateas  (lS8b)  has  shown  tna 
in  asymmetric  single-edge  notched  tensile  specimens,  crack  growth  along 
single  shear  band  reduces  crack  growth  ductility  by  a  factor  of  3  in 
'.'..ejiun  strenQ'ch  allovs  with  low  strain  hardening  exponents  (n  -  0.12). 
Even  lower  ductilities  wo^-ld  be  expected  in  bending  which  gives  higher- 
triaxiality,  here  taken  tc  be  the  ratio  of  mean  normal  stress  to  the 
plane  strain  shear  strength,  C/k  .  Green  and  Hundy  (ISbo)  studied  bend 
test  specimens  as  in  the  lood  (cantilever)  and  Charpy  (three  point)  bend 
tests,  having  either  a  V  groove  or  a  groove  whose  root  is  a  circular  arc 
Although  the  Isod  test  is  non-syninietrical ,  it  has  not  been  instruniented 
as  the  Charpy  to  provide  the  load-drop  description  required  to  calculate 
crack  growth  ductility.  The  question  here  is  the  extent  to  which 
asymmetry  will  reduce  the  crack  growth  ductility  of  symmetrical  bend 
specimens. 

To  express  the  load-deformation  characteristics  of  a  cracked, 
f ul ly-plastic  structure  in  terms  of  crack  tip  singularities  or  any  other 
local  measures  would  require  a  f ully-plastic  stress  and  strain  analysis. 
In  a  non-hardening  material,  slipline  analysis  applies  to  both 
r igid-plastic  and  elastic-plastic  specimens  when  using  strain  and 
displacement  increments.  The  slipline  analysis  can  provide  an  upper 
bound  to  the  limit  load  if  the  the  displacement  boundary  conditions  arc 


5;atisfied  everywhere  acroea  the  liqanierit  and  the  applied  load  qivea 
positive  work.  This  provides  a  basis  for  specimen  de5i5n  and  the 
interpretation  of  tests,  as  well  as  a  3uide  and  check  for  later  finite 


Slioline  Analysis 


sr.e.c  qroGve 


er  a  bar  or  a  plate  of  rectanquiar  cross-section  with  a  ceep. 
e  on  one  side  (Fin.  1)  .  For  li-ianent-to-deoth  ratios  of  les 


than  1/4.  plane  strain  can  be  assoned.  A  weld  or  heat-affected  zone  nea 
a  crack  nay  produce  an  asyriinietry  that  can  be  modelled  by  addinq  a 
anc-lder  on  the  back  surface  of  the  specimen.  The  sh.ouloer  turns  cu;  t'^ 
force  the  material  to  slip  cnl^  on  one  of  the  two  sliplines  that  would 
occur  in  the  syrnitietr ical  geometry. 

Sliplinc  analysis  gives  the  f ul ly-plastic  non-hardening  stress  and 
strain  increnent  distribution.  For  hign  strength  materials  this 
asumption  proviJen  with  reasonable  estimates  of  stress  distributions. 
Green  d'vfG')  used  this  analysis  for  symmetrically  grooved  rigid-plastic 
bare  under  pure  bending.  Later,  Green  and  Hundy  (195(1)  eKtended  the 
analysis  to  three  point  bend  specimens.  Here  we  extend  these  analyses  t 
a  mere  general  asymmetric  geometries  which  could  occur  near  a  weld.  The 
generic  slipiine  field  is  shown  in  Fig.  2a.  It  consists  primarily  of  an 
arc  of  radius,  Ro  ,  where  the  subscript  represents  the  center  of  rctatio 
of  the  arc,  across  which  the  assumed  rigid  material  slides  as  the  bend 

angle  is  increased.  In  addition,  there  may  be  two  fields  of  constant 
stress  along  the  groove  and  back  surface,  connected  to  the  arc  radius  Ro 

by  two  /ans  of  radii,  Rg  and  Rs.  These  three  variables,  together  with  th 
angle  of  the  slipline  at  the  tip  of  the  groove,  the  triaxiality  of  the 
field,  and  the  limit  load,  are  the  unknowns  that  must  be  solved  in  order 
to  completely  describe  the  state  in  the  fully  plastic  region.  Therefore 
in  addition  to  the  three  equilibrium  equations  in  a  two-dimensional 
ircblem  (2  force  equations  and  1  moment  equation)  it  is  necessary  tc  use 
siipline  theory  to  provide  the  remaining  three  equations. 

In  slipline  analysis,  a  curvilinear  element  bounded  by  two 
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gcnal  (X  and  ^  sliplines,  with  mean  normal  stress,  o',  and  maximur:; 


shear  stress,  k  ,  obeys  the  heric:'..y  equations  of  equ 1 1  ibr iUK  (Hill  (IvSb; 
pp. 135-136): 

•icr  =  2  k  c0  alonq  an  oc  line,  ■;  1-:, 

ij!r  =  -  2  k  slcnq  5  (3  line.  (It 


when  equations  la  and  lb  and  the  increiiiental  sliol 


int.-  dliU^f  .3 


the  field  -are  applied  to  the  qeneral  slipline  field  of  Eiq.  2c  the  He: 
equations  are; 


c'p_  =(1  +  2Y)A 


=  -(1  +  2V)/(,  V  ( 

('Tt  -  i)/2  -  T  -  u,/2  ( 

Five  boundary  ccneitions  are  then  used  to  solve  for  the  slipline 
geometry  and  the  stress  state  of  the  liganient.  The  first  two  are  the 
equibriusi  conditions  in  the  two  dimensions  and  y: 


Eo  Ccos(3iT'''.  -  y  -  w,)  -r  coS'STT/n  +Y-  •• 

c'^  cos('’^/4  -  IT  -w,)  +  0^  cos'tn/n  tY'^ 

Eg  Ccos('Tf/4  -  r  -  w,  )  +  erg  co5(3Y4  ~X  -  w,)]  + 
Rs  Ccos(5'i^4  +Y)  +e  005(7^^4  +y);  =  0 


Eo  Csin(3iy4  -  -  w , )  +  5in(3'^/4  +  y)  + 

Og  sin(^/4  -  JT-w,)  +  0^  sin(^/4  +Y)J  + 

Rq  [sin(^/4  -  X  ~  w,)  +  og  siri(3'Y4  -  if  -  w ,  )  ]  + 

Rs  [sin(5‘*y4  +y)  +  o  sin(7^'4  +y)]  =  -P  (4) 

/ 

Then  the  rotational  equilibrium  must  also  be  satisfied.  The  mcr;:ent, 
M,  taken  about  the  center  of  arc, EC,  can  be  calculated  from  the 
following: 


o-g  (Rq^  +  Ro^)  -  Gi  (Ro''  +  Rs")  +  2  Eo  (Eg  +  Es) 

■-  2  P  CL  +  Eo  cos(3'^/4  -  V-  w.)  -  Eq  cos(^4  -  X'  -  w,)] 


Z  .  .Y, 


slipline  xeofuetry  ni'jst  satisfv  the  gecriietry  cf  the  specimer; . 


Therefore,  the  last  two  boundary  conditions  are: 

Rq  C0S'tT;'4  -  -  w,)  +  Rs  co5((5'^'4  +Y)  - 

-  Ro  1co5;3^'4  -  it  -  w,)  +  cos(3'>^'4  +Y)3  =  3  ( 

Rm  si-nTTr  _  ^  ^  t;.  ciniCoTT^'-l  +  y)  - 

-  y ■;  r. sin'oTh  -  If  “  w  |)  +  5in(  jti/  4  +  y*' -  “  ~ 

;.:...ati;ris  1  t  ;■  V  erol>  ;r,lv  until  one  cf  the  constant  stress  repic: 
disappears.  Eurtr.er  analysis  recuires  derivinn  the  equations  governiris 
the  shape  of  t!-z  slipline  and  the  r.ia9nitude  of  the  load  for  the  new 
field.  The  special  cas:  cf  aviifiietr  ical  crooved  bars  with  no  shoulds: 
restrictior.  on  tne  s-air.  surface  of  the  speciflien  was  analyoed  by  Green 
•  '.TTi).  His  resol*  was  used  to  check  the  above  equations. 

Fitureo  2a  and  So  snow  the  two  possible  sliplines  that  can  occur  i; 
a  bendinq  speoinen  with  a  shoulder  in  the  back  surface.  The  possibilit' 
cf  the  constant  stress  field  to  appear  at  the  surface  of  the  shoulder 
instead  of  at  t'n;-  back  surface  was  -analyz-ad,  but  the  displacement 
bo-ndary  0  or; : .  1  lor’S  >e;e  satislieu  only  for  a  shoulder  flank  angle,  Ws  . 
greater  than  0.214  radians  (Fig.  2c).  From  the  numerical  analysis,  the 
slipline  of  Fig.  3a  turned  out  to  require  a  lower  upper  bound  to  the 
iifi'.ia  load  and  thierefore  was  named  'active  field'.  The  slipline  in 
Fig.  3b  was  the  called  'inactive  field'.  The  fields  are  governed  by  thi 
groove  flank  angles,  the  shoulder  distance  to  the  centerline,  and  the 
moment  arm  of  the  applied  load.  For  the  geometry  in  Fig.  3a  the  active 
field  shows  no  constant  stress  field  at  the  tip  of  the  notch.  For  this 
special  case  where  Eg  =  0  ,  the  Hencky  equations  are; 
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Rq  LsinCX'''  -  ^/4)  +  5in(3'^4  +'V)  + 

3 1  n  (  X  Y  ■  3  Y  4 )  +  5 1  ri  C^/  4  +  Y  )  j  + 
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Si..ipli:'yirig  the  qoonietry  oi  the  sliplioe  to  only  to  elip  arcs.  Eqs. 
6  anc  7  'redijce  to: 

Rs  00^(51^4  +Y;  -  Rq  :cos(X+  Y  -  ^'4)  +  ccs(3'’Y4  +  Y)j  =  S  ■  X: 
!-'s  sinkoY'q  +  Y^  ~  LsirKY’’  Y"  ^'4)  +  siri(3"^'4  +  (il' 

in  addition,  the  initial  anqls  oi  the  slipline  at  the  tip  of  the 
qroove  X3  can  be  found  oeonetrically  from  the  relation*. 

\.=  ntr,.  -Y  -X  (14) 

Equations  3  -  14  were  solved  numerically  for  the  slipline  geometry, 
as  well  as  the  mean  normal  stress,  cTm ,  and  the  limit  load,  P,  for 
different  cantilever  lengths,  L/h,  and  shoulder  offsets,  g/h  .  Table  1 
describes  the  variation  of  the  normalised  load,  P/k  ,  maximum  mean  normal 
stress,  or/k  ,  and  radii,  R/h,  as  a  function  of  the  normalised  shoulder 
distance,  g/h,  for  ths  two  possible  slipline  fields.  The  regions  of 
constant  stress  decrease  as  the  shoulder  distance  from  the  centerline  is 
increased.  The  limit  load  ratio  decreases  (as  desired)  as  the  moment  arm 
is  decreased,  but  at  the  expense  of  a  decrease  of  triaxiality.  Table  2 
describes  ahe  slipline  benavior,  load,  and  maximum  mean  normal  stress  ar. 
a  function  of  the  moment  arm.  The  criterion  used  to  promote  slip  by  cnlv 
■ne  field  was  to  have  the  limit  load  of  any  possible  field  be  higher  thin 
than  of  the  lowest  limit  load  tc  overcome  strain  hardening.  The  ratio  0: 
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strength 
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T'insiie  Strength 


W3S  abSiJfnfC 
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ill- 


be  sjfficient. 

■  tne  eefeets  o:  ehoijlh;:  nisaance  anj  ncn 
am  res  D  -  :a  1 '-'e :  m  ahe  ';_r;ualiaiJ  lead,  mean  nornial  stiass,  arp.  gecee 
j a'  ane  active  i-iclirie  tie*-.  In  acdiaicn,  the  ratia  of  lirnit  -oac 
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inacaivs  lie.,  i  was  en.y  o/.  more  anan  ■-naa  lor  an 
Nevertheless,  chanyinq  the  grccve  flank  angles  tc  provide  a  highest  ra 
c:  -lilt  vcaeaaa  iaireaaa  a.nc  raaic  of  inactive  tc  active  liirit 
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difference  and  cai 
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a  or.  both  siiplines.  In  addition,  the 


nean  noroal  aaress  is  srMa....sr  tnan  ior  syriimetr  ical  ly  grooved  speciriiens 
and  decreases  as  the  shoolder  distance  increases.  Prelirainary 
e:;per iraents  on  asyraraetric  pore  bens  speciraens  showed  that  two  fields  w 
acti'.c.  labia  3  g--e;'  ana  :c;aalicec  limit  raoaenl  arid  the  ncmalized 
near;  noma]  saresa  f::  va^  a„:  sliplins  fields  as  the  shcclder  distance 
frora  the  centerline,  g/h,  is  varied  frora  -0.2  to  0.7.  Preliminary 
e);per  iri'ients  of  asvnin.et:  ical  georietry  under  pure  bending  verified  the 
theory  by  showing  very  pronounced  yielding  or,  both  slip  planes  and  no 
reduction  in  ductility  relative  to  syraraetric  specimens.  These  results 
led  to  the  above  analysis  for  the  cantilever  beam  loading  type. 

The  e;;Der  1  f,  ents  on  cantilever  bars  provide  an  extension  tc  the 
studies  of  nc:' -symme  tr  ical  specimens  in  a  three  point  bend  done  by  Greer, 
and  Hundy  (1956)  with  the  standard  load  test  by  describing  the  geometry 
effects  on  load  'i r o o  d u c 1 1 1 : t v . 
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sir  ICC  1  i'  e  d  i  ri  •;  see  c : 


;f  sliding  off  and  fracture.  For 
i  n.ay  be  idealized  by  assuming  cyclt 


a  1  ter  n  a  to 


ig  CO  two  slip-planes  and  fracture  at  the  tic  of  the  riotc! 


with  the  nucroscopic  crack  proDaqatiriy  at  an  angle  and  niacroscopicallv 
par  allel  to  the  ligasient,  ae  described  in  Fig.  7a.  In  asyriUuetr  ica]. 
inotched  apecinens,  on  the  other  hand,  the  crack  acvancee  intc  the 
cre-atrained  material  in  the  ger;eral  direction  of  the  donanant  alipline 
field,  as  shown  in  Fig.  Ba.  The  liganient  redoc-tiofi  is  not  equivalent  ic 
the  crack  growth  as  in  the  syrii'setr icai  case,  or  as  in  single  grooved 
tension.  For  cractical  purposes,  a  'structural  crack  growth  ductilitv' 
d^jp/'d?  is  defined  as  the  riiininur,:  displacement  at  the  point  where  tht.- 
load  IS  applied  per  unit  drop  in  acclied  load.  A  more  fundaniental 
understanding  is  gi-en  :■/  th-  'local  crack  gro.,tr,  dwctilitv',  aefi'icd  as 
the  crack  growch  csr  uriit  oi  slip.  For  syr/.ftetr real  speciriieris,  Broe.. 

'  1  t'b2  suggests  trie  use  oi  a  clip  gauge  to  measure  the  crack  opening 
displacement  (C2D).  This  value  can  be  used  to  find  an  approKiiiiate  value 
of  crack  tip  opening  displacsuent  (CTCIO  and  stress  intensity  factor 
Kanninen  and  Fopelar  (1935)  review  the  COD  and  CTOD  methods  to  study  the 
crack  growth  on  sy riinetr ic al  specimens  under  three  point  bend  for 
G last  1 c-p 1  as t i 0  materials.  They  defined  the  tern,  (dJ/da),  as  the 
change  of  J  per  unit  of  crack  advance  at  a  specific  lead  point 
dispiacement .  This  term  though  has  significance  for  a  non-linearly 
elastic  material  can  not  ce  applied  to  fully-plastic  problems.  Sliplins 
theory  is  the  most  appropriate  method  for  describing  the  stress 
distributions  across  the  fully-plastic  ligament. 

a)  AsvfiUietr  ical  specimens.  When  the  crack  propagates  along  a  single 
shear  band,  as  in  the  case  of  asymmetrical  grooved  cantilever  bars, 

(Fig.  8a)  the  local  crack  growth  ductility  ^!^'5Loc^a  defined  as  the 
amount  of  slip,  duj,  oer  unit  of  reduction  of  ligament,  dh. 


(Dq,  ) 

"  1 0  c  a 


=  du  /dh 


On  the  other  hand,  the  structural  crack  growth  ductility  can  be 
defined  in  terms  of  no:  r-al  iced  displacement  per  unit  of  load  drop.  Tnis 
quantity  is  found  from  e,. .  sr  iments  by  plotting  the  displ  acefiient  at  the 
point  of  applied  load,  d'Op,  ncr.mal  iced  ty  tne  original  ligament,  h-- . 
against  the  load  drep  o-ctility,  normal  loed  by  the  maxiriiurn  load. 


.■',9  J0  r  1  fii  t*  n  V  =  1  d /.  1  su 'J i(j-3--  disu  'w^r  btr-jursu  It-  '^r:8  iTi -a  K  i  fi!  ■  J  lii  S  *  •  j  I 

cno  fillin']  db::  cf  t'l-B  Ic-Bd-displaceriient  curve. 

Ir.e  reltticrs  bei-wter.  t-~:is  tiieBBure  cf  struct-ur  bI  beret’,  ior  tc  x-ne 
Icctl  crBCi'  it  -Bccoriiplisritc  bv  oei^iriin-  etcn  terri:  or  the 
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pcir.te  G  arid  Q  u-ith  -ari^le  Xp  frorn 


p  J.  Z-  L  i  i  c  1  =-  u-  -t  .  i  t 


p  I  r  0  rri  t  h  e  h  'j  r  i  z  c  z  1 5 1  ( r  1 9  .  g  cw  ,  t,  ,'i  5  "i ; 


?c  CO  A 


Sc  iinX  -t-  L 


ij,,  =  S,,  coiX^,  dr  -  (So  sir\\+  L)  d& 


r  r  i 


=  (sinX  +  L/So)  So  d(: 


The  ariiourit  of  slip  esn  be  calculated  from  the  slipline  arc  radiu 
So,  arid  the  ber;j  ancile  (7  : 


dU  =  1;q 


S'jbstitutiriq  Ec .  21  iqto  20  we  qet: 


du^  =  (sinA  +  L/So)  du 
P  s  e 

Frorn  slipiifio  ariSi'/sis  the  r;o:  rn  jj  lued  lir^it  load  was  feuno  tc'  t; 
■ur.ction  of  both  nor  r.ial  izod  shoulder  distance  to  centerline^  ,  ant 
-'onent  arn.,  L'r:  .  In  order  tc  relate  the  strLClural  ar.d  local  cracl 
growth  ductility  it  is  important  to  describe  the  ncrsalioed  applied  1 


A/ 


L  0 1  A) 


,)  _ 
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il  i;sra:ty  rel3tiri9  Jtruc'ural  to  locsl 
3  p a r 5 .Vi e t e r s  in  this  e q u -a t i o ri  can  be  f o ij n > i 
ec  elipline  .analysis  and  e;:per irnental 
h  the  excestion  cf  X  which  is  defined  in 
depends  on  the  raicroscopic  .awount  of  slip. 

,  and  ansie  of  fracture,  At  this  point 

,  is  known  we  assune  that  fracture  occurs  a 
slip: 
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I ' 
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(sinX  +  L/h  h/E  )/ki: 


h?/V.bh 
m/h ) 


(q/h  -  Cc^Xc'  + 


Sp/Ebh 


\  Ij  /  n  u  0  V  ^ 


Let  be  the  gecnietr-y 
•1 11  a  lysis. 


invcivin^  values  frcf;;  the  sliplirie 


‘9 


^P/kbh  ,  „  r  .  V  .  s?/kbh 
_  (q/n  -  Le  o  Ac.  -  _  \L/ 


r-  ' 
Cci  Ac  ‘ 


g/h ) 


^(L/'V 


then 
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The  v-alue  of  the  geoioetry  factor.  Eg,  is  plotted  in  Fig.  '!)  aqains' 
the  normalised  moment  arm,  L/n,  for  various  shoulder  distances,  g/h. 

l!:i_S>LnLmet_r_i_c3_l_spe_ci_M^  Eor  the  local  crack  growth  ductility  cn 
synuiietr ical  specimens,  ^^‘'3Loc^S  defined  as  the  crack  tip  opening 
displacement  per  unit  of  crack  growth,  which  is  in  this  case  equivalen 
to  the  negative  of  the  ligament  reduction  (Fig.  7a): 


/ 

d(CTG:')/2 

fliq  )  =  =  Ian(C0A/2) 

( 

Icc  5  -dh 

where: 

d(CIOD)  =  2  cosX  du 

5  5 

( 

In  symmetrical,  pure  bend  specimens  the  structural  crack  growth 
ductility  is  defined  in  terms  of  the  displacement  per  load  drop.  The 

load  is  characterised  by  the  moment  arm.  La,  in  which  for  four  point 
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beridir!3  it  is  dsfinsd  as  tb:  distance  betueen  the  opposirr;  loads 
(Fiq.  7b): 


(- 


d  U .  /  d  r 


nis;: 


The  nijniersscr  of  the  first  tersi  of  Eq.  59  derives  fro^i  slipline 
anslysis  second  term  is  found  by  calculation  the  riiaximum  slope  of  th 
fallinq  part  of  the  rnoriient-bend  anqle  curve,  which  is  plotted  from 
e;;  per  iments . 

In  order  to  relate  strucs.ral  to  local  crack  srcwsh  ductilii>  i 
syriimetr ical  speciniens  wc  need  to  describe  the  new  introduced  pure  no 
h,  which  can  be  achieved  by  four  point  bendins.  For  a  f ully-plastic 
ligament  a  lower  bound  moment  is  obtained  by  assuming  a  stress 
distribution  satisfying  equilibrium  equations  and  nowhere  e;;ceeds 
yielding: 

M  =  2kbh“/4 

i 

differentiating  we  get: 


dh  =  kbh  dh 


dS  du  /F;c  cosX 

then  _  =  _ s _  _ 

dh/li  kbh/M  dh  cos), 

ma::  ma;c  s 


Finally,  substituting  Eqs.  37  and  43  into  40  the  structural  era 
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.;)  General  descripticri.  Asymmetric  notched  rectangular  bars  were  tested 

under  cantilever  and  pure  bending,  "he  geometry  was  tahen  from  the 

results  of  the  slipline  analysis  that  gave  the  most  triaxial  state  with  b 

reasonable  assurance  of  only  one  active  slipline. 

Rectangular  bars  of  HY-80  and  HY-lOO  were  used  in  the  bending  tests 

•as  typical  of  high  strength  low  alloy  structural  steels.  In  addition, 

these  low  hardening  materials  are  more  apropriate  for  verifying  the 

analysis  using  the  slipline  theory.  The  tensile  behavior  of  these  alloys 

IS  listed  in  Tables  5  and  6  respectively.  The  geometry  of  the  specimens, 

taken  from  the  slipline  analysis,  is  described  in  Eig.  3.  In  addition. 

Tables  j  and  6  give  the  experimental  results  in  a  tabulated  form. 

Stability  of  the  tests  was  an  important  consideration  due  to  the 

expected  higher  crack  growth  rate  for  the  asymmetrical  case.  It  was 

therefore  required  to  design  the  bending  fixtures  with  the  least 

deflection  per  unit  load.  Preliminary  tests  to  determine  overall 

-6  -6 

compliances  gave  values  of  1.08x10  and  6.71x10  mm/N  for  the  machine  and 
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1 1  ;;tures  r  esDect  i  ve  i  v  „ 


b )  R e s u 1 1 5 .  A  typical  load-displacement  curve  is  shown  in  Fiq.  10;  the 
test  proceoure  was  first  to  produce  a  low-cycle  fatigue  initiation  crack 
of  one  Cycle,  at  the  tip  of  the  notch  followed  by  a  monctonic  bencing 
load  for  the  crack  qrowth  from  which  data  was  taken.  Aqain,  the  results 


U  U  r,i  111  a  r  1  H  e  U  1,1  1  ■:!  L'  1 


n  1  - 


■idi'iniurii  load  reached  on  the  first  cvcl e , 


load  i^  norriialicec  t--- 


;alc.jl3ted  from  the  slipline  analysis  using  k  =  loZ/T.  fcr  tr, 


rne  e;<t.ei- irntn , ai  vaiue  aqreei; 


lo’i  of  the  analvt 


while  fcr  the  asymnetr  icai  cases  the  values  were  43";  greater  t.'ian  the 
a  r;  a  1  y  t  i  c  a  1 .  'v 

Flaatic  angular  deflection  on  low  cycle  fatigue.  The  idea  behind 
this  low  cycle  fatigue  crack  initiation  was  to  produce  enough  plastic 
strai.q  to  initiate  the  crack  without  fatiguing  the  ligament.  In  mosc 
cases,  the  structure  is  subject  tc  similar  repeated  loads  before  fractur 
rather  than  being  subject  to  high  cycle  fatigue  followed  by  -an  cverlcao. 
Lou  cycle  fatigue  seems  to  produce  a  crack  initiation  into  the  directior, 
of  the  numerically  calculated  slipline  angle.. 

'"he  idsalice-:  crack  initiation  displacement,  is  defined  as  tne 
difference  in  between  the  extension  of  the  steepest  part  of  the  loaiing 
curve  to  the  maximum  load  (point  A  of  Fig.  10),  and  the  displacement  at 
maitimum  load  (point  B).  This  quantity  is  a  convenient  measure  of 
initiation  and  can  be  usevi  to  compare  with  the  initiation  displacement 
measured  from  the  fracture  surface  profiles  through  a  stereo  microscope. 

Structural  crack  growth  ductility.  For  a  measure  of  crack  growth 
resistance,  the  structural  crack  growth  ductility  is  obtained  frooi  the 
ei'.per  iments  by  calculating  the  steepest  slope  of  the  f  alling  part  of  the 
load  displacement  curve.  From  the  design  point  of  view,  the  structural 
crack  growth  ductility,  Dgstr  t  (Eq.  17)  describes  the  physical  behavior 
of  the  structure.  In  Hf-SO  (Fig.  5),  the  asymmetric  bending  specimen? 
give  1/4  the  load  drop  ductility  of  symmetrical  specimens  while  fcr 
HY-100  (Fig.  6)  the  asymmetric  specimens  give  only  1/2  the  load  drop 
ductility  of  symmetrical  ones.  This  reduction  of  structural  ductility, 
although  is  not  as  critical  as  for  the  tension  tests,  is  significantly 
important  and  should  be  considered  to  avoid  possible  catastrophic 


fail ure 


Local  crack,  growth  ductility.  In  beridiri3  local  crack  growth 
ductility,  as  defined  in  Ec.  16  for  asynunetr  ical  specirnens  and  in 
for  sysisietr i cal  ones,  can  be  derived  iroii;  structural  data  accordin 

shoulder  distance  to  center  1  in 


Q/  1 1 


h  =  0 


0,  asyr:!;i5tr ical  HY-fO  specimens  give  1/3  the  local  crack  srn 


ijuctility  cf  svficstr ical  cnes  while  asymmetrical  KY-100  s pec ne'";-! 

1/4  the  ductility  of  symmetr ical  ones.  When  the  shoulder  distance 
centerline  increases,  the  ratio  of  slip  co  fractuie  increases  as  e 
since  the  the  trisKiality  decreases  with  increasins  y/h.  Ass^.a:r;c  a, 
the  fracture  angle,  .  was  the  same  as  the  slip  angle,  ,  Hi-eO 
asyrnfiietr  ic  specimens  with  q/u  =  0.5  give  a  ratio  cf  slip  to  fractiV's- 
du-/cc  "  3.5  while  with  g/h  =  0  there  is  barely  any  slip  ccnpared  tc 
fracture . 


In  Icw-hardeninq  asy  .metr ic  bending  specimens,  the  structural  ere: 
■drewah  ductility  is  1/4  of  the  symmetric  cnes.  On  tne  cene:  hen;,  isci 
crack  growth  ductility  depends  on  the  triaxiality  of  the  ligament.  For 
backsurface  shoulder  distances,  g/h  =  0,  the  asymmetric  specimens  give 
1/4  the  ductility  of  symmetrical  ones  and  as  the  shoulder  distance 
increases  triaxiality  decreases,  and  therefore  local  crack  growth 
ductility  increases  up  to  7  tiroes  the  symmetrical  ones  at  g/h  =  0.5  . 

The  limit  load  calculated  numerically  was  found  to  agree  with 
experiments  with  3.Y  error  for  syronietr  ical  specimens  and  25X  error  foi 
asymmetrical  specimens. 
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TABLE  1.  Load,  Stres*?,  and  ^adil  for  Active  and  Inactive 
Fields  in  a  Cantilever  Bar  as  a  runction  of  the  Shoulder 
Distance  g/h. 


r  or 


rv.orr.ep. ti  arrr.  1/ 


Table  ia 

^  c  ti  ■* 

C  .  0 

e 

r  i  e  1  d 

C.T/:; 

< 

0.7 

f 

Load 

0 . 2976 

< 

P  /  kbh 

< 

0.5327 

v 

Stress 

2.2005 

> 

o'/  k 

) 

1.6575 

\  i 

Rad  Top 

0 . 0 

= 

Rg/h 

= 

o 

o 

O 

1_  1 

Rad  Ctr 

0 . 5241 

< 

Ro/h 

< 

0.7473 

s 

Rad  Bot 

0.2764 

> 

Rs/h 

> 

0.0516 

Table  lb.  Inactive  Field 


Load 
Stress 
Rad  Top 
Rad  Ctr 
Rad  3ot 


0.0  <  g/h  <  0.3870 

0.3566  <  P/kbh  <  0.4809 
2.3562  =  c7k  =  2.3562 

0.2003  >  .^g/h  >  0.0565 

0.3835  <  Ro/h  <  0.5462 

0.1983  >  Rs/h  >  0.0 


Load 
Stress 
Rad  Top 
Rad  Ctr 
Rad  Bot 


0.3870  <  q/h  <  0,5980 

0.4809  <  Vkbh  <  0.6055 

2.3562  <  cr/k  <  2.4763 

0.0565  )  Rg/h  >  0.0 

0.5462  <  Ro/h  <  0.5963 

0.0  =  - 


Rs/h 


0.0 


TABLE  2.  Load,  Stress 
Fields  in  a  Cantilever  Bar 


,  and  Radii  for  Active  and  Inactive 
as  a  Function  of  the  Moment  Arm  1/h 


For  a  shoulder  distance  cr/h  =  0.0 


Table  2a 

.Active 

Field. 

1 

< 

1  /  h )  < 

3000 

j 

j_i  ocici 

0 . 2606 

> 

(?/kbh) 

/ 

0 . 0026 

Stress 

2.0650 

( cr/  k ) 

< 

2.5001 

Q"* 

\ 

Rad  Top 

o 

o 

= 

( Rg/h ) 

= 

o 

o 

0 

] 

Rad  Ctr 

0.5995 

> 

(Ro/h) 

> 

0.5440 

Rad  Bot 

0.1677 

< 

(Rs/h) 

< 

0.2371 

Table  2b.  Inactive  Field. 


Load 
Stress 
Rad  Top 
Rad  Ctr 
Rad  Bot 


3.0  <  (1/h)  <  3000 
0.2335  >  (P  / ^cbh )  > 
2.3522  =  (o'/k)  = 

0.1669  >  (Rg/h)  > 

0.4043  <  (Ro/h)  < 

0.1891  >  (Rs/h)  ) 


0.0002 

2.3522 

0.0967 

0.4493 

0.1752 


S 


TABLE  3a.  Moment,  Stress,  and  Radii  for  ’’earsid.  Field 
in  a  Pure  Bend  Test  as  a  Function  of  the  Shoulder  Distance 
g/h  for  a  Flank  Angle  w  =  0. 


-0 . 2 

.  3  9  8  '7 

Moment 

1.2606 

< 

7.M/  kbh" 

<  1.5770 

Stress 

3 . 0855 

\ 

/ 

O'/  k 

>  2.5010 

0  ^  i 

Rad  Top 

o 

o 

= 

Rg/h 

=  C .  0 

°  > 

Rad  Ctr 

0.3886 

< 

Ro/h 

<  0.5442' 

s 

z:;. _ ! 

Rad  Sot 

0.5027 

) 

Rs/h 

>  0.2373 

Moment 
Stress 
Rad  Top 
Rad  Ctr 
Rad  Bot 


0.3989  <  g/h  0.7 
1.5770  <  2M/ki)h^  <  2.0488 
2.5010  >  or/k  >  2.2551 

0.0  <  Rg/h  <  0.0483 

0.5442  <  Ro/h  <  0.6439 

0.2373  >  Rs/h  >  0.1653 
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Table  4b.  Geometrv  as  a  function  of  moment  arm 


L/h 

P/kbh 

Psi 

.11247 

0000 
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00 
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Table 

4c.  Geometry 

as  a  func 

tion  of 

moment 

arm 
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TABLE  5a.  Ambient  vsmperature  mechanical  properties  of 
HY-BO  steel. 


Comoosition :  0.18%  C,  2-3.25%  Ni , 

: 0.10-0.40%  Mn, 

0.15-0.35%  Si 

Properties:  Yield  Tensile  .Hard.ness 

Stre.ngth  Strength  HBN 

MN/m“  MN/m^  kgf/min*’ 

587  692  175  69.9 

TABLE  5b.  Experimental  results 

(1/h  =  2..P)  Sym.  Asymmetrical 


(g/h) 

0.0 

0.5  0.5 

ligament  size  (ram) 

10.41  10.79 

10.67  10.54 

Elastic  Slope  (N/rad)  x  1000 

1431 

2083 

2083 

2173 

Maximum  Load  /  Limit  Load 

0.976 

1.26 

1.18 

1.195 

Plastic  Angle  (Strain)  on  Low  Cycle  Fatigue  (rad) 

Forward 

0.106 

0.069 

0.079 

0.095 

Reverse 

0.086 

0.065 

0.064 

0.100 

2nd  Cycle  Lira.  Load  (Percent  of  Max.) 

39.2% 

96% 

89.3% 

93.3% 

Crack  I.nitiation  (rad) 

0.088 

0.069 

0.079 

0.082 

Maximum  Mean  Normal  Stress  (cr/k) 

2.75 

2.2 

1.78 

2.78 

Norm.  Structural  Crack  Growth  Ductility 

(duP/ho) / (dP/Pmax) 

0.576 

0.575 

0.752 

Structural  Crack  Growth  Ductility 

(dUp/dP)  xlO"^ 

(Eq. 17) 

-26.56 

-7.94 

-5.94 

-7.66 

Local  Crack  Growth  Ductility  (Dg) 

Eqs.  (22)  (36) 

0.180 

0.042 

0.604 

0 . 780 

Redoct ion 
in  area 


TABLE  6a.  Anil)ient  temperature  mechanical  properties  of 
HY-100  steel. 


Composition : 

0.20%  C.  2 
0.10-0.40% 
0.15-0.35% 

.25-3.50% 
Mn , 

Si 

Ni  / 

Properties : 

Yield 

Strength 

Tensile 

Strength 

Hardness 

HBN 

Reduction 
in  area 

MN/m^ 

m/rn^ 

Jcgf  /mm^ 

% 

693 

772 

195 

68.6 

TABLE  6h.  Experimental  results 

(1/h  =  2.0)  Sym.  Asymmetrical 

(g/h)  0.0  0.0  0.5 

ligament  size  (mm)  11.68  12.2  11.68  12.2 

Elastic  Slope  (N/rad)  x  1000  1929  2314  2133  2462 

Maximum  Load  /  Limit  Load  1.019  1.289  1.269  1.177 

Plastic  Angle  (Strain)  on  Low  Cycle  Fatigue  (rad) 


Forward 

0.05 

0.069 

0.071 

0.06 

Reverse 

0.036 

0 . 03-9 

0.04 

0.06 

2nd  Cycle  Max.  Load  (Percent  of  Max.) 

91.1% 

91% 

98% 

93.4% 

Crack  Initiation  (rad) 

0.031 

0.048 

0.05 

0.057 

Maximum  Mean  Normal  Stress  (o'/k) 

2.75 

2.2 

2.2 

1.78 

Norm.  Structural  Crack  Growth  Ductility 

(dup/ho) /dP/Pmax) 

0.998 

0.825 

1.30 

Structural  Crack  Growth  Ductility 

(dUp/dP)  xlO'^ 

( Eq . 1 7 ) 

-19.63 

-12.16 

-10.15 

-14.21 

Local  Crack  Growth  Ductility  (Dg) 

Eqs.  (22)  (36) 

0.183 

0.072 

0.060 

1.37 

Figure  2a.  General  slipline  field  for  an 
asymmetrically  grooved  cantilever  bar. 


Figure  2b.  Free  body  diagram  of  the  general 
slipline  field. 


Figure  3b.  Inactive  field. 


Figure  4b.  Normalized  radii  for  a  cantilever  bar  as  a 
function  of  shoulder  distance  to  crack  tip,  g/h  @  L/h= 


'^uauioui  '^Tuin  •uijo^i 


.  Norm,  load  and  stress  for  a  cantilever 
function  of  moment  arm,  L/h  @  g/h=0 


.  Normalized  radii  for  a  cantilever 
function  of  moment  arm,  L/h  @  g/h= 


Figure  7a.  Crack  tip  opening  displacement, 

(CTOD),  process  on  a  symmetrically  grooved/loaded 
specimen  under  two  active  sliplines. 


Figure  7b.  General  geometry 


Figure  8a.  ■  Crack  growth  process  in 
asymmetrically  grooved  cantilever  specimens. 


Figure  8b.  Relation  between  general  direction, 
X,  slip  angle,  X„  and  fracture  angle, 


m'-  V'" 


Moment  arm,  L/h 


